Cognitive functions have never been studied before in completely paralyzed patients, probably due to the lack of the appropriate method. In this study, three male patients in the last stage of amyotrophic lateral sclerosis (ALS) are examined. They were totally locked-in, i.e., incapable of any voluntary response including eye movements. Given this complete lack of motor expression, the method of event-related brain potentials (ERPs) was used. The ERP recording was carried out at the patientsÕ bedside. In one patient indications of preserved cognitive abilities including adequate language comprehension were obtained. The data of the second patient also demonstrate a high degree of intactness of complex cognitive functions, but some ERP phenomena were consistently abnormal, which may be interpreted as a consequence of disease-related degenerative processes. In the third patient no electrocortical response which might indicate higher cortical processing was found. This first ERP study of totally paralyzed patients shows that some of them can possess high, perhaps even normal, information processing capacity after a long period of severe immobility and artificial ventilation.
Introduction
Amyotrophic lateral sclerosis (ALS) is one of the most common adult-onset neurodegenerative disorders having an incidence of approximately 1-2 per 100 000. This disease affects mostly (although not exclusively) motor neurons in the primary motor cortex and the spinal cord, leading to progressive loss of control over muscular groups up to complete immobility (Smith, 1992; Cleveland, 1999) . Being severely paralyzed, most ALS patients can still use vertical eye movements and lid movements as the communication channel linking the patient with his or her relatives and caregivers, because the ocular motility is usually preserved up to the very final stage of the disease. However, several studies (Harvey et al., 1979; Kushner et al., 1984; Hayashi et al., 1989; Gascon et al., 1995) reported totally paralyzed ALS patients with lack of voluntary eye movement control. One may suppose that with the progress in life-supporting technology the number of such patients will increase. Their condition would correspond to the Ôtotal locked-in syndromeÕ in the classification of Bauer et al. (1979) . They may be completely isolated from the world outside.
This isolation means the loss of possibility of neuropsychological assessment. Hence, nothing is known whether these patients still can perceive and think. The term Ôlocked-inÕ presumes that the mind is intact but ÔenclosedÕ in the paralyzed body. However, there are many reasons why substantial cognitive deficits can also take place in severely paralyzed ALS patients. Atrophy has often been found in various non-motor cortical areas, particularly in the prefrontal cortex, in addition to degenerative processes in upper and lower motor neurons (Ludolph et al., 1992; Abrahams et al., 1995 Abrahams et al., , 1996 Abrahams et al., , 1997 Abe et al., 1997) . Even with moderate motor impairment, the assessment of the accompanying cognitive impairment in ALS is a difficult problem (Strong et al., 1996) .
The impossibility to test completely paralyzed patients leads to the uncertainty as to what extent their mental functions remain intact. From a humanitarian point of view, this is the question of how one human being can understand another human being. From the medical point of view, the question is how rehabilitation measures can depend on a patient's cognitive status. From the philosophical point of view, completely paralyzed patients present a challenge to our ordinary definition of consciousness (Kurthen et al., 1991) .
The technique of event-related brain potentials (ERPs) has been used for the last two decades in cognitive psychology for non-invasive study of cognitive processes independently of the overt response (Picton and Hillyard, 1988; Coles et al., 1990) . In contrast to most Ôpaper and pencilÕ tests and some brain imaging techniques which yield an end result of a chain of brain operations, ERPs allow us to follow the course of these operations in real time. As ERP effects are largely independent of the patientsÕ ability to perform an overt task, this method fulfills the requirement of separation between motor and cognitive deficits. Furthermore, this technique does not require very complex hardware and can be used directly at a patient's bedside. Thus ERPs may be suggested as the method of choice for those buried alive due to their paralyzing disease (Kotchoubey et al., 2002) .
A recent study reported preserved ERPs in a completely paralyzed patient with Guillain-Barre´syndrome (Ragazzoni et al., 2000) . However, only very simple stimulation was used in that study, thus the data indicate no more than the intactness of elementary cortical functions such as pitch discrimination. A few ERP studies of non-demented ALS patients having mild to moderate motor deficits reveal, as a rule, lower amplitudes and prolonged latencies of late ERP components as compared with healthy controls (Gil et al., 1995; Mu¨nte et al., 1998; Westphal et al., 1998; Vieregge et al., 1999; Hanagasi et al., 2002; Paulus et al., 2002) . These abnormalities, obtained when average group data of patients versus controls are compared, are not informative regarding cortical processing in individual patients.
We examined three ALS patients with complete motor paralysis. They were found through contacts with the German Society of Muscular Diseases (Deutsche Gesellschaft fu¨r Muskelkranke). None of the patients could reliably use a letter matrix, nor otherwise communicate by means of eye or lid movements, blinks, etc. In patient 1, some caregivers asserted that sometimes they were able to understand yes/no signals produced by the patient. However, neither could these caregivers explain to the others how they interpreted those weak signs; nor was there an above-chance interrater reliability when the patient's eye movements presumably signaling ÔyesÕ or ÔnoÕ were filmed and then scored by two independent judges.
Material and methods

Patients
Patient 1, male 63 At the age of 60, he first experienced weakness in legs whilst walking. During more than a year a doubt persisted between the diagnoses of demyelinizing inflammatory polyneuropathy and ALS. Later on, the latter diagnosis was confirmed. At that time, his legs were almost completely paralyzed and his arms were paretic as well. He was tracheostomized 8 months prior to our first examination. During the following time all controlled movements of hand, face, and eyes progressively disappeared.
The patient suffered from cardiac arrhythmia from the age of 54. The respiratory insufficiency resulting in artificial ventilation was accompanied by a severe pneumonia which, then, repeated three times after our first examination. The patient died 7 months after the second examination.
Patient 2, male 52
The onset of his disease at the age of 47 was marked by progressive difficulties in swallowing and disorders of speech. A neurological examination yielded a diagnosis of ALS with a pseudobulbar syndrome. The patient's brother also died from ALS.
Although dysartria enhanced dramatically within several weeks, the movements in extremities remained intact for about 1.5 years, and the patient (having a high position in a bank) continued to work all this time. However, in the following 4 months, a complete paralysis developed in legs, following by arms and hands. Finally, the patient was intubated and then tracheostomized due to acute respiratory failure. During the next 3 years he was able to communicate using eye movements and signalizing ÔyesÕ and ÔnoÕ to alternative questions put for him. He also was trained, with a considerable success, to communicate using a braincomputer interface based on self-regulation of slow cortical potentials (Birbaumer et al., 1999) . The next dramatic impairment was related to a pneumonia with a following sepsis lasting for about 5 weeks. After this, no communication with eye movements or the braincomputer interface was possible any longer. The patient was still alive whilst this manuscript was being written.
Patient 3, male 55
The patient was cared for at home by his very religious wife, and we have not found objective anamnestic information on the course of his disease. From the wife's words, the patient was diagnosed as ALS 7 years before our examination, and had been artificially ventilated and fed for 3 years. The patient died 14 months after the second examination.
Only patient 2 had been neuropsychologically examined prior to the completely locked-in state. Four tests were used in which the response speed does not play a decisive role in assessment. The patient answered yes/no using eye movements. A German version of Adjective Check List indicated a slight tendency to depressive mood: x ¼ 4.7, as compared with the normal value of M ¼ 3.04, SD ¼ 4.81. The Fragmented Picture Test (Snodgrass and Vanderwart, 1980) which measures the ability to (implicit) perceptual learning, yielded a normal result: the difference between the recognition points for new and old items was 1.89 (normative difference ¼ 1.96). The Raven Progressive Matrices Test resulted in an estimated total IQ of 102, which is lower than might be expected in a well educated patient. A striking result was obtained in the Wisconsin Card Sorting Test, in which the patient found only one category and made 52 perseverative responses and 44 perseverative errors.
Recording
The experiments reported below were approved by the Ethical Commission of the Faculty of Medicine, University of Tu¨bingen. Informed consent was given by the patientsÕ legal representatives. All patients were examined at home, twice with an interval of 8-10 weeks, by means of a mobile electroencephalographic (EEG) station consisting of two portable computers and an amplifier ÔSynAmpsÕ. During the investigation the patients were lying in bed. All of them were artificially ventilated and fed.
The EEG was recorded at Fz, Cz, Pz, F3, F4, C3, C4, P3 and P4 (international 10-20 system) by means of sintered Ag-AgCl electrodes. Two mastoid electrodes linked over a 10 kX shunt served as reference. Additionally, the vertical and horizontal electrooculogram (EOG) were recorded with two pairs of electrodes placed above and below one eye and at the left and right orbital rim, respectively. The low-pass filter was set at 70 Hz, with an additional notch filter at 50 Hz (effective limits 45-55 Hz). The time constant was 3 s.
Stimuli and tasks
All stimuli were presented acoustically through air-tube earphones, with the intensity being about 70 dB above average threshold.
1 Oddball. Two musical tones with basic frequencies 700 Hz (standard) and 1300 Hz (deviant) were presented with the probabilities of 0.85 and 0.15, respectively. Stimulus duration was 100 ms, and onset-to-onset interstimulus intervals (ISIs) were 850 ms. A posterior positive wave (P300) is usually recorded in oddball tasks after rare stimuli, indicating the fundamental ability of the cortex to process events according to their probabilities (Johnson, 1986; Polich and Kok, 1995) .
2 Prosody. Various happy exclamations (Ôya!Õ, Ôoh!Õ, Ôwow!Õ, etc.) were presented as frequent (0.8) standards, and exclamations expressing pain and suffering served as rare (0.2) deviants. The stimuli were presented in a pseudorandom order with ISIs of 1 s. Differential brain responses in this task indicate the ability to recognize emotional prosody (Bostanov and Kotchoubey, in press ).
3 Learning. In the first phase of this task, three pairs of vowels (e.g., /a/-/i/) were randomly presented 60 times each. Without a break, the second phase began in which these ÔoldÕ combinations are interspersed with new pairs violating the previously learned rules (e.g., /a/-/u/). The equal number of learned and unlearned pairs was presented in the second phase. The ISI within a pair was 800 ms; the interpair interval was 2 s. The ability to associative learning is reflected in this task in a frontal negativity following the second vowel in new pairs in the second phase (Lang and Kotchoubey, 2000) .
4 Word pairs. Fifty pairs of semantically related (e.g., day-night) and 50 pairs of unrelated (e.g., man-table) high-frequency, one-syllable German words were presented with ISIs of 500 ms (interpair intervals 1.2 s). ERPs were recorded to the second word in a pair. A difference between related and unrelated words, starting about 350 ms post-stimulus and indicating the activity of brain mechanisms of semantic classifications, is manifested in more positive ERP amplitudes to related words (Bentin et al., 1993; Hagoort et al., 1996) .
5 Movement intention. Two hundred 700-Hz tones and 200 1300-Hz tones were presented with ISIs of 1.2 s. The patient (only patient 2 was examined) was instructed to imagine a fast movement of the right hand after each high-pitch tone, and the left hand after each low-pitch tone. He was told that Ôalthough you are unable to perform these movements, you should try and we'll read your intention from your headÕ. When movements are prepared according to the instruction, the corresponding (i.e., contralateral) hand motor area should demonstrate a larger negativity as compared with the ipsilateral hand motor area: the so-called lateralized readiness potential (LRP: De Jong et al., 1988; Coles, 1989 ).
In the oddball task patients were instructed to count the high-pitch tone. Because of the complete paralysis, no control of their performance was possible. In the prosody, learning, and word pair tasks they were simply told to hear attentively.
Data analysis
Before analyzing the EEG, blink and eye movement artifacts were corrected using the regression procedure (Gratton et al., 1983) .
1 EEG epochs entailing 100 ms prior to the stimulus and 700-900 ms after its onset were averaged separately for standards and deviants.
1
The fact that patients could not voluntarily control their blinks and eye movements does not mean, of course, that there were no ocular artifacts. In contrast, large ÔswimmingÕ gaze drifts, particularly in patient 1, considerably interfered with the EEG signal.
All epochs containing EEG amplitudes >150 lV were discarded. For the ÔMovement intentionÕ task, the differences between the symmetrical sites of the right and left hemisphere were calculated, separately for the righthand and left-hand movement intention. These differences reflect the relative activation of the hemisphere contralateral to the prepared hand (De Jong et al., 1988) .
Two complementary techniques were applied for statistical testing of ERP data. First, inspection of the averaged waveforms allowed to define time windows for the expected ERP component. The area under the EEG curve was measured within this window in each single trial and analyzed by means of a three-way ANOVA with a between-trial factor Condition (containing two levels in each paradigm) and repeatedmeasure factors Electrode (three levels: frontal, central, and parietal) and Side (three levels: left, right, and midline). In addition to this univariate approach, we used a multivariate technique in which EEG data points in the two conditions were wavelet-approximated and then compared using Hotelling's T 2 -test (Kotchoubey et al., 2002) .
The main problem of the univariate analysis is a bias due to window selection. Whereas, the multivariate approach may take into consideration data points which do not contribute to the difference between the two mean vectors, thus decreasing the statistical power (Das Gupta and Perlman, 1974) . However, only minor differences were found between the data of the two approaches, demonstrating that particular disadvantages of each technique did not substantially affect the results. To avoid repetitions, only univariate data are reported.
Results
Patient 1 has a normal background EEG with prevailing a-activity over the posterior regions at rest. This a-activity decreased during stimulus presentation. Only oddball and word pair tasks were run, as we had not yet developed the other tasks at the time this patient was alive. Further, in the first examination we were able to record the EEG only at midline recording sites.
The oddball task resulted in a P300 wave to rare deviants, which was significant in both first (P ¼ 0.04) and second examination (overall P ¼ 0.07; at Cz P ¼ 0.02). In the word pair task a similar P300-like wave in response to primed words (300-500 ms window) was significant in both first (P ¼ 0.04) and second examination (P ¼ 0.003), in which the condition-related effect attained the maximum over the right hemisphere. As shown in Fig. 1 , this difference cannot be attributed to eye movement artifacts.
Patient 2 showed a general slowing of EEG rhythmic activity with dominating 6-7/s oscillations. In contrast to patient 1, his responses to rare stimuli in the oddball task were characterized by a large negative, rather than positive, slow late (300-700 ms) variation (first examination: P < 0.001; second examination: P ¼ 0.09; see Fig. 2 ).
In the prosody task, the patient exhibited a negative deflection about 300 ms post-stimulus in response to rare deviants (first examination: P ¼ 0.06; second examination: P ¼ 0.01). As can be seen in Fig. 3a , the morphology and latency of this wave were quite similar to the wave recorded in healthy controls in this condition. Likewise, in the second phase of the learning task new vowel combinations led to a distinct frontal negative wave (first examination: P ¼ 0.03; second examination: P ¼ 0.04). Again, this response was virtually identical to that of healthy subjects (Fig. 3b ). The movement intention task was performed only once and revealed a significant (P ¼ 0.02) lateralization at the C3-C4 recording sites indicating adequate preparation of the motor channel according to task requirements (Fig. 3c) . In the word pair task no difference between semantically related and unrelated words was found in either first or second testing.
Patient 2 had a regular EEG pattern with slow (7-8 Hz) a-activity both at rest and with stimulation. Oddball, learning, word pair, and prosody tasks were conducted twice. No ERP difference between standards and deviants was found in any task (Fig. 4) .
Discussion Data reliability
Each ERP study with a relatively small number of trials is in jeopardy to obtain some apparent effects simply through random activity in the background EEG. However, in the present study, three factors allow us to completely rule out this possibility: firstly, the replicability of the data obtained in two consecutive examinations; secondly, the confirmation by two different statistical techniques; and thirdly, the remarkable similarity between the patientsÕ responses and those of healthy subjects (except the paradoxical oddball response in patient 2). The tasks were selected so that, whilst minimizing the patientsÕ inconveniences, to approach various important cognitive functions: probabilistic responses and short-term memory updating (oddball), associative learning (learning), Figure 3 Left panels: ERPs of patient 2 in the prosody (a), learning (b), and movement intention (c) tasks. For comparison, the right panels show the average waveform of 12 healthy subjects in the same tasks. For simplicity, only midline recording sites are shown in (a) and (b). In (c), the waveforms present differences between the symmetrical sites on the left and right side (i.e., frontal, F3-F4; central, C3-C4; and parietal, P3-P4). Note the similarity between the patient's and controlsÕ data in all conditions. In the movement imagery, a negative-going deflection indicates a larger negativity over the left than right hemisphere. Conversely, a positive-going deflection stands for the larger negativity over the right than left hemisphere. These data show that the patient activated the motor cortex area contralateral to the prepared hand according to the instruction. apprehension of the semantic (word pairs) and emotional (prosody) aspects of language, as well as movement preparation.
Remaining cortical processing despite complete paralysis
Although complete paralysis without any voluntary motor activity is a very rare condition, it is a real condition (Harvey et al., 1979; Maurri et al., 1989; Hayashi et al., 1989; Ragazzoni et al., 2000) . This first study directed to evaluation of cognitive function of three such patients found distinct responses to verbal and non-verbal stimuli closely resembling those of healthy subjects in two of them. Patient 1 showed a parietal P300 to deviants (as compared with standards) in the oddball task. Note that this finding does not prove that the patient really followed the instruction to count deviant tones, since a typical P300 wave can also be recorded without any explicit task (Polich, 1989; Lang et al., 1997) . In the word pair task this patient repeatedly demonstrated a typical ERP difference between the words which were primed versus unprimed by the preceding semantic context (Bentin et al., 1993; Chwilla, 1996; Hagoort et al., 1996) . This indicates his ability to distinguish between semantically related and unrelated concepts.
In contrast to the normal P300 of patient 1, patient 2 exhibited a late negative potential shift to deviants the oddball task. A similar pattern can sometimes be observed in non-rapid-eye movement sleep (Sallinen et al., 1997; Cote et al., 2001) . The word pair paradigm most directly testing semantic abilities yielded negative results. However, the patient appeared to grasp regularities in acoustically presented pairs of vowels. His movement-related activation of the motor cortex according to the instruction to imagine hand movements demonstrates his retained ability to follow instruction. Furthermore, his brain distinguished between stimuli differing in their prosodic features (happy versus sad exclamations). All these effects were morphologically identical to average responses of healthy subjects.
Thus completely paralyzed patients in the final stage of ALS, after months or years of artificial ventilation and feeding, can possess considerable, possibly even normal, cognitive abilities. Given that, owing to motor paralysis, the patients have for a very long time been living in the condition of extremely restricted sensory stimulation. This finding demonstrates far-going independence of human mental functions from processes on body periphery.
Factors of ERP abnormalities
When discussing ERP of the locked-in, it should be kept in mind that even ALS patients at the early stages of the disease frequently display ERP abnormalities such as decreased amplitudes and delayed latencies of late components (see Introduction). It should further be said that any single ERP paradigm may eventually yield a negative result in a normal subject (Polich and Kok, 1995) . Nevertheless, the complete lack of Ôcog-nitiveÕ ERP phenomena in two consecutive examinations in patient 3 cannot be played down; it indicates a severe disorder of cortical functions. Insufficient data are available about his previous history to explain what has really happened with him. His EEG power spectrum demonstrated the prevailing slow alpha activity which did not change with stimulation. Such pattern is sometimes observed in normal subjects, but it may also indicate severe disorders of consciousness (Berkhoff et al., 2000) . One might only speculate about a possibly unrecorded failure in the ventilation system leading to cortical anoxia.
No neuropsychological examination can be carried out in the complete locked-in state, but the data of patient 2 obtained prior to the development of the complete paralysis may indicate a serious frontal lobes deficit. In fact, ERP abnormalities in early stage ALS patients correlate with their neuropsychological deficits and are usually explained by these deficits (Hanagasi et al., 2002; Paulus et al., 2002) . However, ALS patients frequently show an abnormal parietal P300, and this wave is not generated in the frontal cortex (Hanagasi et al., 2002) . Our patient 2 had abnormal responses in the oddball and word pair tasks, both being related to the activity of temporal and parietal, rather than frontal, lobes. Whereas, the ERP effect in the learning task, probably of frontal origin (Lang and Kotchoubey, 2000) , was preserved in this patient. It should be noted that he has a characteristic bulbar ALS form, and that bulbar-onset ALS patients are generally prone to more severe deficits at both neuropsychological (Neary et al., 2000) and neurophysiological (Paulus et al., 2002) levels.
ERPs and conscious awareness
The present study demonstrated both power and limitations of the ERP technique. As regards its advantages, many levels of cognitive abilities can be tested in relatively short time. The investigations were performed at home at the patientsÕ bedside with a minimal load for the patients who did not need to be transported anywhere. The method allows differential assessment of the patientsÕ responsivity to the respective stimulus conditions. Sometimes, the results are unequivocal: for instance, a significant difference between responses to semantically related versus unrelated words in the word pair task proves the intactness of brain processes necessary to understand semantic relationships between concepts (see Marchand et al., 2002) .
Many disadvantages of the ERP technique are well known: low spatial resolution; dependence on fluctuations of arousal; the unsolved reference problem; the necessity of averaging, which makes the assessment of ERP components critically dependent on latency jitter. However, all these problems may lead only to false negative responses, but not to false positive, that is, the ERP assessment can underestimate, but not overestimate the cognitive abilities of locked-in patients (Onofrj et al., 1997) .
A stronger argument can be put forward that significant ERP effects indicate the intactness of mechanisms necessary but not sufficient for conscious information processing. From this point of view, the effect of semantic relatedness demonstrates that some cortical process important for speech perception is intact, but not that the patient consciously perceives speech. This interpretation may further be supported by the data of recent studies demonstrating ÔcognitiveÕ ERP phenomena during unconscious perception (Bernat et al., 2001; Shevrin, 2001; Yingling, 2001 ). However, these same studies give rise to the opposite argument as well. ERP effects obtained in those experiments, being averaged across a group of subjects, were very similar to the corresponding effects related to consciously perceived stimuli in terms of their latency, morphology, and topography. However, the magnitude of these Ôuncons-cious ERPsÕ was tiny suggesting that they would probably never reach the statistical significance in individual patients. Thus the very data demonstrating ERP correlates of unconscious processing, also suggest that largeamplitude effects like those obtained in the present study in patients 1 and 2 cannot be interpreted in such a way. Although physiological measures such as ERPs cannot, in principle, prove the patientsÕ subjective experience, this philosophical problem is not a reason for negative diagnostic evaluation of concrete patients whose ERP data clearly indicate preserved cognitive processing.
